Objectives. The aim of this study was to evaluate the prognostic value of volume-based metabolic parameters measured by Methods. Forty-four NPC patients who underwent 18 F-FDG PET/CT for initial staging work-up before concurrent chemoradiotherapy (CCRT) were retrospectively evaluated. Maximum standardized uptake value (SUV), mean SUV, metabolic tumor volume (MTV), and total lesion glycolysis (TLG) of the primary tumors were measured. The prognostic significance and predictive performance of these parameters were assessed by Cox proportional hazards regression analysis and time-dependent receiver operating characteristics (ROC) curve analysis.
INTRODUCTION
Nasopharyngeal carcinoma (NPC) is an epithelial malignancy with unique features that make it epidemiologically, pathologically, and clinically distinct from other head and neck cancers [1] . As this tumor type is highly sensitive to radiation and chemotherapy, concurrent chemoradiotherapy (CCRT) is therefore accepted as the mainstay treatment for locally advanced NPC [2, 3] . However, substantial rate of locoregional recurrence and distant metastases have been documented [4] . It is well known that locoregional recurrence and distant metastases are important prognostic factors for overall survival of NPC patients [5, 6] . Therefore, identification of high-risk subpopulations of patients with locally advanced disease who might benefit from treatment intensification is of great clinical interest.
Prediction of prognosis in patients with NPC is based on clini- ·Byung- Tae Kim   1 cal and pathologic features such as TNM stage, tumor histology, radiation dose, presence of cranial nerve involvement [7] , and parapharyngeal extension [8] . Among these, TNM stage is the most important and widely used prognostic factor, similar to most other solid tumors. However, recent studies reported that conventional pretreatment primary tumor evaluations may not be sufficient to predict the prognosis of this disease [9, 10] . 18 F-fluorodeoxyglucose ( 18 F-FDG) positron emission tomography (PET) has emerged as an important noninvasive imaging modality for staging, response monitoring, and recurrence detection in various types of malignancies [11] . Several studies have reported that the standardized uptake value (SUV) of 18 F-FDG PET, which is a semiquantitative metabolic parameter representing glycolytic activity, is associated with prognosis [12, 13] . However, it is unclear whether PET parameters can serve as prognostic factors for overall survival or disease-free survival (DFS) in patients with NPC [14, 15] .
The development of software that automatically calculates volume of interest (VOI) and volume-based metabolic parameters such as metabolic tumor volume (MTV) and total lesion glycolysis (TLG) has allowed the computation and evaluation of practical, quantitative PET indices that can serve as prognostic factors [16] [17] [18] . MTV, which is a volumetric measurement of tumor cells with high glycolytic activity, and TLG, which is the sum SUV within the tumor, have proven useful for predicting prognosis in patients with various types of malignancies, including head and neck cancers [19] [20] [21] [22] . However, the value of volumetric 18 F-FDG PET parameters as prognostic factors has not been fully evaluated. In addition, it is unclear which parameter is the best predictor of outcome. Thus, more supportive data are needed to establish the value of these volumetric parameters in predicting prognosis in patients with NPC. To the best of our knowledge, no previous report has investigated and compared the prognostic value of 18 F-FDG PET volumetric parameters in NPC patients treated with CCRT. Our aim in this study was therefore to evaluate whether the parameters measured by 18 F-FDG PET for initial staging of patients with NPC are prognostic indicators of outcomes in these patients.
MATERIALS AND METHODS

Patients
Patients with a diagnosis of NPC who underwent 18 F-FDG PET/ CT for initial staging between October 2004 and February 2009 were identified from the cancer registry of Samsung Medical Center. Eighty consecutive patients were identified and the medical records of these patients were reviewed. Patients who had a pathologically proven carcinoma and who were scheduled to receive CCRT with curative intent were enrolled. Exclusion criteria included a recurrent NPC, secondary primary malignancy, and distant metastasis at the time of initial staging. A total of 44 patients were eligible for inclusion in this study.
Computed tomography (CT) scans of the neck and 18 F-FDG PET/CT were performed for initial staging. Abdominal or chest CT scans, neck ultrasonography, and neck magnetic resonance imaging (MRI) were performed when clinically indicated. Based on all information provided by the imaging studies, tumors were staged clinically according to the American Joint Committee on Cancer (AJCC) TNM staging system. The protocol of this retrospective study was reviewed and approved by the Ethics Committee of Samsung Medical Center.
Treatment and clinical follow-up
All patients received CCRT with 5-fluorouracil (5-FU)/cisplatinbased regimen for advanced nasopharyngeal cancer based on the intergroup study 0099 guidelines. Patients received cisplatin (100 mg/m 2 IV over 2 hours) on day 1 concomitantly with radiotherapy during weeks 1, 4, and 7. Radiotherapy was given using standard fractionation at 1.8 to 2.2 Gy/day and the total dose to the nasopharynx ranged from 66 to 72 Gy. Two weeks after finishing radiotherapy, patients received three cycles of adjuvant chemotherapy consisting of cisplatin (75 mg/m 2 IV over 1 hour) on day 1 plus 5-FU (1,000 mg/m 2 in a 24-hour continuous infusion) on days 1-4 every three weeks. For emesis prophylaxis, 5-hydroxytryptamine-3 antagonists, substance P antagonists, and dexamethasone were given before and after chemotherapy.
Clinical follow-up examinations including clinical exams, neck CT scans, and/or PET/CT scans were performed every 1-3 months for the first two years, every 5-6 months for the next three years, and annually thereafter. If clinically indicated, other diagnostic work-ups were performed. Recurrence or distant metastasis was diagnosed based on either a positive biopsy or clinical or radiographic evidence of progression.
PET/CT imaging
Patients were instructed to fast for at least six hours before the PET/CT scan. Blood glucose levels were measured before the injection of 18 F-FDG and were lower than 200 mg/dL in all patients. PET/CT imaging was performed using one of two dedicated PET/CT scanners (Discovery LS or Discovery STe, GE Healthcare, Milwaukee, WI, USA) without intravenous or oral contrast material. Imaging was performed in 29 of the 44 patients using the Discovery LS PET/CT scanner and in the remaining 15 patients using the Discovery STe PET/CT scanner.
When using the Discovery LS scanner, whole-body CT was performed using a continuous spiral technique with an 8-slice helical CT (140 kVp; 40-120 mA adjusted to the patients' body weight; section width of 5 mm) 45 minutes after the injection of 18 F-FDG (5.5 MBq/kg). After the CT scan, an emission scan was obtained from the thigh to head for 4 minutes per frame in 2-dimensional mode. Attenuation-corrected PET images (voxel size, 4.3 mm×4.3 mm×3.9 mm) were reconstructed from the CT data using an ordered-subset expectation maximization algo-rithm (28 subsets, 2 iterations). When using the Discovery STe scanner, whole-body CT was performed using a continuous spiral technique with 16-slice helical CT (140 kVp; 30-170 mA in AutomA mode; section width of 3.75 mm) 60 minutes after the injection of 18 F-FDG (5.5 MBq/kg). After the CT scan, an emission scan was obtained from the thigh to the head for 2.5 minutes per frame in 3-dimensional mode. Attenuation-corrected PET images (voxel size, 3.9 mm×3.9 mm×3.3 mm) were reconstructed from the CT data using a 3-dimensional orderedsubset expectation maximization algorithm (20 subsets, 2 iterations).
Measurements of metabolic PET parameters
Two experienced nuclear medicine physicians reviewed all 18 F-FDG PET/CT images for initial staging on a dedicated workstation (GE Advantage Workstation 4.4). Metabolic and volumetric parameters were measured using Volume Viewer software (GE Healthcare, Milwaukee, WI, USA), which provides an automatically delineated VOI using an isocontour threshold method based on the SUV (Fig. 1) . MTV was defined as the total tumor volume segmented by the threshold SUV [17] . Mediastinal blood pool (MBP) activity [23] was used as a threshold for determining the VOI boundary. To determine the threshold using MBP, a VOI consisting of 5×5×1 voxels was manually drawn at the aortic arch. Mean standardized uptake value (SUVmean) plus two standard deviations of the VOI in the aortic arch was adopted as the threshold SUV for the primary tumor. Using the threshold SUV, VOIs of the primary tumor were automatically generated. Experienced nuclear medicine physicians manually adjusted VOIs of the primary tumor to exclude adjacent lymph nodes. The software calculated the maximum standardized uptake value (SUVmax), SUVmean, and MTV of the entire primary tumor. TLG was obtained by multiplying the SUVmean by the number of voxels.
Statistical analysis
Statistical analyses were performed using PASW ver. 18.0 (SPSS Inc., Chicago, IL, USA) and open source statistical software R (http://www.R-project.org). The prognostic significance of continuous PET parameters including SUVmean, SUVmax, MTV, and TLG of the primary tumor and other clinical variables related to DFS was assessed by univariate and multivariate analyses using backward stepwise Cox proportional hazards regression models. Maximal chi-square method was used to select optimal cutoff value of PET parameters. The 'maxstat' package in the R (http:// www.R-project.org) was used for the analyses. DFS was defined as the time from the date of CCRT initiation to the date of recurrence or last clinical follow-up. An event was defined as local recurrence or distant metastasis.
Receiver operating characteristics (ROC) curves are frequently used to evaluate the discriminatory power of a continuous variable for a binary disease outcome. However, many disease outcomes are time-dependent. Therefore, time-dependent ROC curves to assess the predictive power of diagnostic markers for time-dependent disease outcomes have been introduced [24] . To further evaluate and compare the predictive performance of the volumetric PET parameters, MTV and TLG, we adapted the time-dependent ROC curve for censored data and used the area under the ROC curve (AUC) as the criterion. The 'survivalROC' and 'survcomp' packages for performance assessment and comparison with time-dependent ROC curve estimation, written using the open-source statistical software R (http://www.R-project. org), was used for the analysis. All tests were two-sided, and Pvalues less than 0.05 were considered statistically significant.
RESULTS
Clinical characteristics and metabolic parameters
Patients' demographic and clinical characteristics are summarized in Table 1 . During the follow-up period, two patients died predictors of DFS (Table 2 ). SUVmax and SUVmean were not significant predictors of recurrence. To further elucidate the effect of volumetric PET parameters, optimal cutoff values which divide the patients into two groups with different DFS were determined by Maximal chi-square method. The Kaplan-Meier survival curves stratified by TLG and MTV demonstrated significant differences of DFS between subgroups (Fig. 2) . Patients with a TLG ≥7,640 or an MTV ≥66 cm 3 showed worse DFS. On multivariate analysis (Table 3) , AJCC stage 7th editon and TLG were identified as significant independent prognostic factors associated with decreased DFS. Clinical variables and PET parameters were not significant predictors for overall survival in the present study (data not shown).
Time-dependent ROC curve analysis was used to determine the AUC for each follow-up period (Fig. 3) . A larger AUC indicates better predictability of time to an event at a given point in time. Similarly, a larger integrated area under the curve indicates better average predictability of time to event. TLG was a better predictor of DFS than MTV (Fig. 3) .
DISCUSSION
In this study, we demonstrated that TLG measured by 18 F-FDG PET/CT for initial staging is an independent prognostic factor for DFS and a better predictor of prognosis than MTV in patients with NPC treated with CCRT only. 18 F-FDG PET is a noninvasive functional imaging modality based on tumor glucose metabolism. Because the parameters measured by 18 F-FDG PET can provide valuable information rebecause of cancer-related causes (4.5%), while the remaining 42 patients survived (95.5%). Six patients (13.6%) presented with local recurrence and nine patients (20.5%) presented with distant metastasis during the follow-up. Among the patients with distant metastasis, five had lung metastasis, one had liver metastasis, and the others had multiple organ metastases.
The primary lesions of all patients were clearly visible on the initial 
Survival analysis
On univariate analysis, T stage, AJCC stage 7th editon, MTV, and TLG that were analyzed as continuous variables, were significant garding the total tumor burden and aggressiveness, these parameters could potentially be used as prognostic factors. Although the prognostic value of these parameters has been evaluated in patients with head and neck cancer, the value of volumetric 18 F-FDG PET parameters as prognostic factors has not established [9, 13, 21, 22] . Therefore, considering that tumor type and treatment are strongly associated with prognosis, we investigated the prognostic value of 18 F-FDG PET parameters in patients with NPC treated with CCRT only.
SUVmax is the metabolic index most commonly used to assess tumor activity in clinical practice because it is an observer-independent measurement. It has been shown that SUVmax is a valuable tool for predicting treatment response and survival in patients with head and neck cancer and other tumor types [25] . However, SUVmax, a single voxel value susceptible to noise, may not accurately reflect the overall tumor burden [26] . A recent study of NPC patients treated with radiotherapy or CCRT reported that SUVmax of the primary tumor was not a significant independent prognostic factor [9] . This is consistent with the results of previous studies that documented that SUVmax of the primary tumor was not an independent prognostic factor for survival and was a poor predictor of treatment outcome [21] .
In contrast to SUVmax, SUVmean indicates the average intensity of 18 F-FDG uptake by the entire tumor mass and therefore provides more information about the metabolic activity of the entire tumor than SUVmax. A recent study reported that the SUVmean of the primary tumor before treatment was associated with DFS and may be a useful prognostic parameter [13] . However, SUVmean of the primary tumor was not a useful prognostic parameter in our study. This discrepancy may be due to confounding factors related to treatment [13] . Moreover, this parameter has limited reproducibility because it is highly dependent on how the region of interest is drawn [26] . Therefore, in future studies, attempts should be made to minimize the variability of 18 F-FDG scan measurements of SUVmean.
Tumor volume is known to be a significant predictor of treatment response. A previous study suggested that the volume of the primary tumor should be considered as an additional prognostic factor in NPC [27] . In current clinical practice, the volume of the target tumor measured by CT or MRI is used to determine tumor size [28] . However, measurement of the real tumor size or tumor burden based on anatomical imaging only is subject to error if the tumor has an irregular shape, heterogeneous composition, and/or vague boundaries. The more impor- tant point is that size or volume as calculated by anatomical imaging is only a rough surrogate marker of underlying tumor burden. The commercial availability of volumetric analysis tools that automatically calculate VOI using an isocontour threshold method without interobserver variability have led to the routine use of volumetric 18 F-FDG PET measurements in clinical practice [29] . Volume-based PET parameters such as MTV and TLG represent the total volume and activity of metabolically active tumor cells, respectively. Theoretically, MTV and TLG are more reliable indices than single pixel values. However, it is not clear whether MTV or TLG is a better predictor of survival in patients with head and neck cancers. Previous studies reported that MTV was an adverse prognostic factor for overall survival, independent of other established prognostic factors [21, 30] . In the current study, MTV was not an independent prognostic factor on multivariate survival analysis. This discrepancy between our study and the previous studies may be due to the relatively low number of subjects evaluated in our study. Therefore, we cannot exclude the possibility that MTV is a significant prognostic factor for DFS in patients with NPC.
Another studies demonstrated that TLG is more valuable for predicting long-term survival than MTV and SUV in patients with nasopharyngeal cancer [22] . TLG, which is a combination of SUVmean and MTV, simultaneously indicates the degree of 18 F-FDG uptake and the size of the metabolically active tumor. TLG may therefore be the ideal metabolic parameter to reflect total tumor burden. In support of this, TLG was the only independent prognostic factor of DFS on multivariate survival analysis among the 18 F-FDG PET parameters that we evaluated. Furthermore, in our study, TLG was a better predictor of DFS than MTV based on time-dependent ROC curve analysis of patients with NPC.
Our study had several limitations. The low number of subjects we evaluated and the retrospective study design limit the extent to which our results can be generalized. Inconsistencies between our results and those of previous studies may be due to the relatively low number of subjects that we evaluated. Another limitation is that possible risk factors, such as Epstein-Barr virus status and DNA level, were not included in the analysis due to limited cases with available data. The short follow-up duration is also a limitation of our study. Although larger volumetric parameter values were significantly associated with locoregional recurrence or distant metastasis, there was no significant correlation between the parameters and overall survival. The reason may be that the follow-up duration in this study is relatively short to observe cancer-related death because patients with NPC have a good survival rate, even in the advanced stage of disease. Longterm prospective validation studies of large populations are required to confirm our findings. Despite the limitations of this study, the results obtained from this study strongly suggest that TLG may be an independent predictor of prognosis in patients with NPC.
In conclusion, we showed that the pretreatment TLG of a primary tumor, which is a volumetric parameter of 18 F-FDG PET, is an important independent prognostic factor and is a better predictor of DFS than MTV in patients with NPC. These results suggest that TLG is a potentially valuable tool for risk stratification and treatment decision. In patients with advanced NPC and high TLG, treatment intensification may be justified, and these patients should be closely followed-up because of the high risk of locoregional recurrence or distant metastasis. Additional large-scale prospective studies are needed to validate the prognostic utility of this promising 18 F-FDG PET biomarker.
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